The nucleotide (p)ppGpp inhibits GTP biosynthesis in the Gram-positive bacterium Bacillus subtilis. Here we examined how this regulation allows cells to grow in the absence of amino acids. We showed that B. subtilis cells lacking (p)ppGpp, due to either deletions or point mutations in all three (p)ppGpp synthetase genes, yjbM, ywaC, and relA, strongly require supplementation of leucine, isoleucine, valine, methionine, and threonine and modestly require three additional amino acids. This polyauxotrophy is rescued by reducing GTP levels. Reduction of GTP levels activates transcription of genes responsible for the biosynthesis of the five strongly required amino acids by inactivating the transcription factor CodY, which represses the ybgE, ilvD, ilvBHC-leuABCD, ilvA, ywaA, and hom-thrCB operons, and by a CodY-independent activation of transcription of the ilvA, ywaA, hom-thrCB, and metE operons. Interestingly, providing the eight required amino acids does not allow for colony formation of (p)ppGpp 0 cells when transitioning from amino acid-replete medium to amino acid-limiting medium, and we found that this is due to an additional role that (p)ppGpp plays in protecting cells during nutrient downshifts. We conclude that (p)ppGpp allows adaptation to amino acid limitation by a combined effect of preventing death during metabolic transitions and sustaining growth by activating amino acid biosynthesis. This ability of (p)ppGpp to integrate a general stress response with a targeted reprogramming of gene regulation allows appropriate adaptation and is likely conserved among diverse bacteria.
B
acterial cells employ an extensive network of regulatory mechanisms to tune cellular metabolism and gene expression in response to a wide variety of nutritional conditions. The general stress response mechanisms are integrated with specific regulatory programs controlling the expression of biosynthesis genes, and the proper coupling of these processes ensures viability and allows optimal growth under shifting nutrient conditions.
In bacteria, the stringent response, mediated by the nucleotide guanosine (penta)tetraphosphate, or (p)ppGpp, alerts cells to conditions of nutrient limitation and is also involved in regulation of amino acid biosynthesis (1) . Escherichia coli cells that cannot produce (p)ppGpp [referred to as (p)ppGpp 0 ] require ϳ11 amino acids for growth, but the identities of the required amino acids vary depending on the strain background (2, 3) . In E. coli, (p)ppGpp upregulates several amino acid biosynthesis genes directly by binding to RNA polymerase (RNAP) or indirectly via passive redistribution of RNAPs that are released by (p)ppGppmediated inhibition of transcription of stable RNA and other genes (4-7). However, transcriptome analyses showed that upon isoleucine starvation, amino acid biosynthesis genes are not induced en masse (8) . Additionally, supplementing the medium with the auxotrophic requirements alone does not allow efficient colony formation of (p)ppGpp 0 cells, an unsolved mystery (2) . In other bacteria, (p)ppGpp is also required for viability in the absence of amino acids. In the Gram-positive bacterium Bacillus subtilis, (p)ppGpp is synthesized by three enzymes: RelA, YjbM, and YwaC (9) (10) (11) . Deleting all three (p)ppGpp synthetase genes results in cells that do not form colonies on minimal medium containing glucose but form colonies efficiently when all 20 amino acids are added, confirming that these cells are auxotrophic for certain amino acids (12) . While deletion of relA alone was shown to render B. subtilis cell growth strongly dependent on externally supplemented valine and weakly dependent on leucine, isoleucine, and methionine (9) , the precise auxotrophic requirements of (p)ppGpp 0 cells have not been characterized. (p)ppGpp 0 cells have high levels of GTP, and the inability of (p)ppGpp 0 cells to form colonies on minimal medium can be suppressed by mutations in guaA, guaB, and gmk, which encode enzymes in the GTP biosynthesis pathway, and by mutations in codY, which encodes the global transcriptional regulator CodY (12) . High levels of GTP activate CodY (13) to repress multiple genes in the biosynthetic pathways for the branched-chain amino acids (BCAA) (isoleucine, leucine, and valine) (14, 15) , threonine, and arginine (16) . In addition, GTP and ATP levels are often inversely correlated, and increased levels of ATP stimulate transcription of the BCAA biosynthetic genes ilvB and ywaA, both of which initiate with ATP (17, 18) . However, the relative contributions of these mechanisms to (p)ppGpp-dependent prototrophy and how the lack of cellular (p)ppGpp can be circumvented by mutations in codY and GTP biosynthesis genes are not understood.
To answer these questions, we documented the precise amino acid requirements in B. subtilis (p)ppGpp 0 cells and identified broader amino acid requirements than previously observed. Strong requirements for BCAAs, methionine, and threonine and modest requirements for 3 additional amino acids were found. We then systematically characterized the effects of (p)ppGpp, CodY, and GTP levels on global transcription profiles to reveal their relative contributions to the amino acid auxotrophy of (p)ppGpp 0 cells. Finally, we found an apparent residual amino acid requirement when all eight defined auxotrophic requirements are supplemented, and this was due to a failure of (p)ppGpp 0 cells to survive a sudden nutrient downshift.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. All B. subtilis strains are derivatives of SMY (19) and are listed in Table 1 . For liquid growth, cells were grown in S7 defined synthetic medium (20) containing 5 mM potassium phosphate (pH 7.0), 10 mM (NH 4 ) 2 SO 4 , 2 mM MgCl 2 , 0.7 mM CaCl 2 , 50 mM MnCl 2 , 5 mM FeCl 3 , 1 mM ZnCl 2 , 2 mM thiamine, and 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), supplemented with 0.1% (wt/vol) glutamate, 1% (wt/vol) glucose, 0.5% (wt/vol) Casamino Acids (Bacto Casamino Acids, BD 223050), and 0.02 mg/ml tryptophan (which is not present in Casamino Acids). Cells were grown at 37°C with vigorous shaking (250 rpm). For growth on solid medium, cells were plated on 1.5% (wt/vol) agar with Spizizen minimal salts (21), 1% (wt/ vol) glucose, and 0.1% (wt/vol) glutamate. Where indicated, defined solid medium was supplemented with 0.05 mg/ml of each amino acid, with the exception of 0.5 mg/ml aspartic acid and glutamic acid, 0.02 mg/ml tryptophan and tyrosine, and 0.04 mg/ml cysteine (22) . Strain construction. Strain JDW1464 (relA D264G ywaC D87G yjbM D72G ) was created by substituting a conserved aspartic acid residue in each of the three (p)ppGpp synthetases, corresponding to D264 in RelA, D87 in YwaC, and D72 in YjbM, with glycine ( Fig. 1C) . To change these residues, regions of relA, ywaC, or yjbM were first cloned into the EcoRI site of pJW299 (12) to create pJW368, pJW369, and pJW370, respectively. Site-directed mutagenesis was then performed with the QuikChange sitedirected mutagenesis kit to create pJW371, pJW372, and pJW373, respectively. The following mutagenic primers were used (capital letters denote sites of mutation): for relA, oJW984 (ggacagccaacaaaCcgtaaatttcattga) and oJW985 (tcaatgaaatttacgGtttgttggctgtcc); for ywaC,oJW992 (gcacgcc ggcaatgCcgtgaatatgctcctt) and oJW993 (aaggagcatattcacgGcattgccggcgt gc); for yjbM, oJW988 (ctaaggccagcaatgCcctgcatggtttcaa) and oJW989 (tt gaaaccatgcaggGcattgctggccttag).
The mutations were introduced into SMY sequentially (ywaC, followed by yjbM, followed by relA). At each step, plasmid pJW371 (or pJW372 or pJW373) was integrated into the chromosome by transformation (selected for chloramphenicol resistance), followed by subsequent transformation with pSS4332 (expressing I-SceI endonuclease; a kind gift from Scott Stibitz) to introduce a double-strand break that promotes recombination and loss of the integrated plasmid (23) . Mutant alleles were confirmed by sequencing.
To reduce expression of guaB, pJW305 was created by inserting a 5= fragment of guaB, from 22 bp upstream of ATG to 500 bp into the coding region (includes the ribosome-binding site but not the promoter) between the HindIII and EcoRI sites of pMUTIN4 (24) (25) .
Measurement of intracellular nucleotides by TLC. Nucleotides were extracted, analyzed by thin-layer chromatography (TLC), and measured using a PhosphorImager, as described previously (26) . Cells were treated for 20 min with arginine hydroxamate (RHX) (0.5 mg/ml) to mimic amino acid starvation by depleting charged arginine-tRNAs or with guanosine (Guo) (1 mM) to increase intracellular GTP pools via the salvage pathway (12) .
Microarray-based gene expression profiling. Wild-type, (p)ppGpp 0 , ⌬codY (p)ppGpp 0 , and guaB down (p)ppGpp 0 cells were grown to an optical density at 600 nm (OD 600 ) of ϳ0.3 and treated for 20 min with RHX (0.5 mg/ml) to induce the stringent response or guanosine (1 mM) to increase GTP levels. Samples were collected by rapidly mixing cultures with equal volumes of methanol at Ϫ20°C. Cells were then pelleted by centrifugation at 4,000 ϫ g for 5 min. RNA was isolated using the Qiagen RNeasy kit. The procedures for reverse transcription, labeling, hybridization, and analysis were performed as described previously (27) . Transcript levels were normalized to a common reference mixture, and data were filtered to include only significantly affected genes (1,524 genes). For identification of significantly affected genes, significance analysis of microarrays (SAM analysis) (28) was performed as multiclass among all samples (i.e., 12 classes, 3 replicates each); significantly affected genes were selected using a q value cutoff of Ͻ0.01. Transcript levels of the 1,524 significantly altered genes were hierarchically clustered (centered, average linkage) using the software program Cluster (29, 30) and plotted using the program TreeView (31). 
RESULTS
Loss of (p)ppGpp synthetase activity in B. subtilis results in failure to grow on minimal medium. In B. subtilis, (p)ppGpp is synthesized by three enzymes: a large bifunctional enzyme, RelA (9), and two small enzymes, YwaC and YjbM (10, 11) ( Fig. 1A and B) . We have previously shown that deletion of all three genes (⌬relA ⌬ywaC ⌬yjbM) from the prototrophic B. subtilis strain SMY results in failure to form colonies on minimal medium (12 ) cells were plated on LB and minimal medium (Min) plates, and colonies were counted the next day. "CFU/ml" indicates CFU per ml of culture, normalized to an OD 600 of 1. (F) (p)ppGpp 0 cells display strong requirements for valine, leucine, isoleucine, threonine, and methionine (boxed); (p)ppGpp 0 cells also display weaker requirements for arginine, histidine, and tryptophan. Cells were grown in medium supplemented with Casamino Acids, washed, and then plated on defined medium plates supplemented with all 20 amino acids (20) or supplemented with only 19 amino acids (denoted as "-X" to indicate the amino acid that has not been supplemented in the indicated plates). Colonies were counted the next day. "CFU/ml" indicates CFU per ml of culture, normalized to an OD 600 of 1. Min + 20 confirm that the phenotypes we observed are due to loss of (p)ppGpp synthesis activities rather than other potential functions of RelA, YwaC, or YjbM, we inactivated the synthetase activity of each enzyme by mutating a conserved active site residue required for (p)ppGpp synthesis based on homology to the RelA enzyme from Streptococcus equisimilis (SeqRel) (Fig. 1C ) (32) . The mutation of this conserved residue in all three (p)ppGpp synthetases of B. subtilis resulted in the relA D264G ywaC D87G yjbM D72G strain, which is unable to synthesize (p)ppGpp although the encoded proteins are expected to retain their three-dimensional structure. Using a plating assay (Fig. 1D ) in which cells were grown in liquid medium supplemented with Casamino Acids and then plated comparatively on minimal and rich solid media to count the numbers of CFU, we confirmed that loss of (p)ppGpp synthesis, via either deletions (⌬relA ⌬ywaC ⌬yjbM) or point mutations (relA D264G ywaC
), renders cells incapable of forming colonies on minimal medium efficiently (except for spontaneous suppressor mutants, which form at a frequency of ϳ10 Ϫ5 ) (Fig. 1E) . Therefore, the synthesis of (p)ppGpp, rather than other protein functions, allows cells to grow on minimal medium.
B. subtilis (p)ppGpp 0 cells are auxotrophic for multiple amino acids in addition to BCAA. The inability of (p)ppGpp 0 cells to form colonies on minimal medium indicates that they are auxotrophs. To determine the precise requirements of (p)ppGpp 0 cells, we examined their ability to form colonies on 20 amino acid dropout plates, each lacking one amino acid, similar to experiments performed in E. coli (2) . Wild-type SMY forms colonies on any group of 19 amino acids with the same efficiency as on all 20 amino acids, with the exception of a moderate reduction of plating efficiency on plates lacking threonine (Fig. 1F) . The partial requirement for threonine may be due to feedback inhibition of Hom (homoserine dehydrogenase) by isoleucine and methionine, both downstream products of threonine (33) . In contrast to wildtype cells, (p)ppGpp 0 cells exhibited strong requirements for BCAA, methionine, and threonine and moderate requirements for histidine, arginine, and tryptophan (Fig. 1F ). These requirements are far more stringent than those of ⌬relA cells, which have only a strong requirement for valine and modest requirements for leucine, isoleucine, and methionine (9) .
We previously performed a genetic screen revealing that the requirement for exogenous amino acids in (p)ppGpp 0 cells can be relieved by loss-of-function mutations in the GTP biosynthesis genes guaA, guaB, and gmk and in the transcriptional regulator codY ( Fig. 2A ) (12) , suggesting that CodY and/or GTP are responsible for the auxotrophy. However, further analysis of these strains was limited by the tryptophan and methionine auxotrophies of the background strain (YB886) due to mutations in the biosynthesis genes trpC and metB (34) . To comprehensively test the effects of CodY and GTP on (p)ppGpp 0 strain auxotrophies, we used the prototrophic SMY strain (19) . We introduced into SMY a codY deletion along with yjbM, ywaC, and relA deletions to eliminate CodY activity in (p)ppGpp 0 cells. Deletion of codY partially suppressed the plating efficiency defect of (p)ppGpp 0 cells on minimal medium (Fig. 2B, Min) . Plating on amino acid dropout plates revealed that deletion of codY relieved the strong requirements for valine, isoleucine, leucine, methionine, and threonine and the moderate requirement for arginine, although it only partially relieved the requirements for histidine and tryptophan (Fig.  2B) . We also reduced expression of guaB, encoding the IMP dehydrogenase, which synthesizes XMP from IMP, in (p)ppGpp 0 SMY cells (Fig. 2A) . Because guaB was reported to be an essential gene (35), we placed it under an IPTG-inducible promoter at its endogenous locus. Reduction in guaB expression (guaB down ), when IPTG was removed from the medium, relieved the requirement for all 8 amino acids of (p)ppGpp 0 cells in the SMY background (Fig. 2B) , and ⌬codY (p)ppGpp 0 strains (see Fig. S1A in the supplemental material) during exponential growth upon addition of arginine hydroxamate (RHX) to induce (p)ppGpp in wild-type cells and upon addition of guanosine, which massively elevates GTP levels in all three (p)ppGpp-deficient strains (Fig. 2C) (12) . We found that these strains displayed profound differences in gene expression upon various treatments, with 1,524 genes significantly altered (q Ͻ 0.01) (see Table S1 ); biological replicates behaved consistently with each other (see Fig. S1B ). We observed some expected changes, including a general decrease in expression of de novo purine biosynthesis genes (the purEK-BCSQLFMNHD operon) in response to guanosine treatment in all cells (see Fig. S2A ), likely due to negative feedback regulation of the de novo biosynthesis pathway (36) . We also observed a decrease in expression of ribosomal protein genes upon accumulation of (p)ppGpp (see Fig. S2B and Table S1), as was observed before (37) . In addition, we observed prominent changes in the CodY regulon that are highly consistent with a previous analysis in (p)ppGpp ϩ cells (see Table S2 ) (14) . Of particular interest to our study are genes involved in synthesizing amino acids that are strongly required by (p)ppGpp 0 cells (Val, Ilv, Leu, Met, and Thr) (Fig. 2D) . Upon RHX treatment, these genes were strongly induced in wild-type cells but failed to be induced in (p)ppGpp 0 cells. In addition, these genes are located among three distinct clusters on the hierarchical tree of the microarray data (Fig.  2E) , and their transcription is strongly affected by mutations in codY or guaB or both. Combining gene expression profiling with auxotrophic analysis, we found that the regulation of these genes contributes to the strong amino acid requirements.
Hyperrepression of ilvBHC-leuABCD, ilvD, and ybgE by CodY in (p)ppGpp 0 cells. We first examined two clusters on the hierachical tree (Fig. 2E, green and blue) that include BCAA biosynthetic genes known to be strongly and directly repressed by CodY (14, 15) : the ilvB (ilvBHC-leuABCD) and ilvD operons (green) and ybgE (blue) (Fig. 3A) . CodY is activated by GTP (13, 38, 39) (Fig. 3B to F) . In contrast, in (p)ppGpp 0 cells, their expression is strongly inhibited, suggesting that their direct repression by CodY underlies the failure to synthesize BCAA in (p)ppGpp 0 cells. Direct repression by CodY is not the only factor contributing to the regulation of ilvB and ilvD. An additional CodY-independent effect of ATP and GTP concentrations on transcription was observed previously. Upon amino acid starvation, (p)ppGpp accumulation results in a decrease in the intracellular GTP concentration and a reciprocal increase in the ATP concentration; this increase kinetically stimulates the transcription initiation rates of genes whose initiating nucleotide is ATP, including the ilvB operon, and inhibits transcription initiation of genes whose initiating nucleotide is GTP, including the rrn operons (17, 18, 40, 41) . This mechanism may contribute to the increased transcription of ilvB observed in wild-type and guaB down (p)ppGpp 0 cells, and, although less obviously, this mechanism could also contribute to the increased transcription of ilvB seen in ⌬codY (p)ppGpp 0 cells because deletion of codY lowers the GTP levels of (p)ppGpp 0 cells (Fig. 2C) , since CodY positively regulates guaB expression (14) . To conclusively demonstrate this mechanism, we tested whether altering GTP and ATP levels can affect transcription of the ilvB operon in the absence of both CodY and (p)ppGpp. We treated ⌬codY (p)ppGpp 0 cells with guanosine, which increased GTP levels by ϳ8-fold and reduced ATP levels by ϳ30% (Fig. 2C) . We found that genes in the ilvB operon were reduced by ϳ4-fold in ⌬codY (p)ppGpp 0 cells (e.g., Fig. 3C and D) , demonstrating an unambiguous CodY-independent response.
Interestingly, ilvD, located in the same cluster as members of the ilvB operon on the hierarchical map of the microarrays (Fig.  3B) , was similarly affected, since its expression was reduced by ϳ6-fold upon guanosine addition even in the absence of CodY (Fig. 3E) . In contrast, expression of ybgE, which is not located close to ilvB and ilvD in the hierarchical tree of the microarrays ( Fig. 2D ; see also Fig. S3 in the supplemental material), was not affected by guanosine addition in the absence of CodY (Fig. 3F) . In summary, the ilvB and ilvD operons but not ybgE are downregulated by GTP accumulation and/or ATP depletion via both CodYdependent and CodY-independent mechanisms.
To address whether the BCAA requirements of (p)ppGpp 0 cells are predominantly through direct CodY-mediated repression of ilvBHC-leuABCD, ilvD, and ybgE, we reduced CodY-mediated repression of these BCAA genes in (p)ppGpp 0 cells without inactivating CodY itself. The ilvB up mutant strain harbors a deletion of the leucine-sensing T box and two point mutations in the high-affinity CodY binding site (Fig. 4A) , effectively reducing CodY-dependent regulation of the ilvBHC-leuABCD operon and increasing its basal expression level. The BCAA up mutant strain contains the alleles above as well as deletions of CodY-binding sites at ilvD and ybgE (Fig. 4A) (25) . We observed that ilvB up (p)ppGpp 0 cells were relieved of the requirement for leucine, while BCAA up (p)ppGpp 0 cells were relieved of the requirements for leucine, valine, and to a lesser extent isoleucine (Fig. 4B ). These data demonstrate that CodY-mediated repression of ilvBHCleuABCD and ilvD plays a major role in causing (p)ppGpp 0 cells to be BCAA auxotrophs.
Relieving CodY-mediated repression of these genes did not completely relieve the requirements for valine, leucine, and isoleucine to the same extent as deletion of codY. Assuming that the BCAA up mutant is fully CodY derepressed for the ilvB, ilvD, and ybgE operons (we cannot rule out the possibility of residual repression by CodY), the further relief of the BCAA requirements observed in ⌬codY (p)ppGpp 0 cells suggests a contribution of CodY-independent BCAA gene regulation to the auxotrophy. Thus, the additional CodY-independent effect of nucleotide levels on transcription of the ilvB and ilvD operons and/or regulation of biosynthesis genes that are not affected by the mutations in the BCAA up strain (i.e., ilvA, ywaA, and hom-thrCB) may also play a role in completely relieving the BCAA requirements.
Contribution of CodY and GTP levels to repression of ilvA, ywaA, and hom-thrCB. An additional group of genes involved in biosynthesis of BCAA and threonine, ywaA, ilvA, and hom-thrCB ( Fig. 5A and B) , exhibit expression patterns distinct from those of ilv-leu (red, Fig. 2D ). Threonine synthesis requires hom-thrCB, while isoleucine requires both threonine and ilvA for its synthesis (Fig. 5A) . Their transcript levels were strongly upregulated in wild-type cells following amino acid starvation and in ⌬codY (p)ppGpp 0 and guaB down (p)ppGpp 0 cells and failed to be upregulated in (p)ppGpp 0 cells (Fig. 5C to E) . Thus, their misregulation may also contribute to the BCAA and threonine auxotrophies.
ywaA, ilvA, and hom-thrCB have recently been revealed as in vitro targets of CodY (16) . In addition, their transcript levels decrease in ⌬codY (p)ppGpp 0 cells upon guanosine treatment, indicating that GTP and/or ATP levels can also affect their transcription independently of CodY (Fig. 5C to E) . Although ywaA, ilvA, and hom-thrCB are regulated by GTP levels via both CodY-dependent and CodYindependent mechanisms similarly to findings for ilvB and ilvD, the magnitudes of their CodY-dependent and CodY-independent regulatory components are different, with ywaA, ilvA, and hom-thrCB displaying a stronger transcriptional response to guanosine treatment in the absence of (p)ppGpp and CodY.
Repression of methionine biosynthesis genes in (p)ppGpp 0 cells. (p)ppGpp 0 cells also displayed a strong requirement for methionine. We observed that one of the genes required for methionine biosynthesis, metE, clustered near ywaA, ilvA, and homthrCB (Fig. 5B) . Specifically, transcript levels of metE were upregulated by ϳ10-to 30-fold upon the stringent response in wild-type cells but not in (p)ppGpp 0 cells (Fig. 5F ). Such strong changes in metE transcription, as well as changes in hom (producing homoserine, a precursor for methionine biosynthesis), are likely sufficient to account for the observed methionine auxotrophy in the absence of (p)ppGpp. The metE operon is not known to be a direct target of CodY, and transcript levels of metE decrease by ϳ4-fold in (p)ppGpp 0 ⌬codY cells following guanosine treatment (Fig. 5F ), indicating that GTP and/or ATP levels indeed affect transcription of metE independently of CodY.
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We also examined transcript levels of other genes involved in methionine biosynthesis: metA and metIC (yjcIJ) (see Fig. S4 in the supplemental material). metA expression was not significantly affected by (p)ppGpp during starvation. metIC was upregulated in wild-type cells during the stringent response, and this upregulation was abolished in (p)ppGpp 0 cells. Upregulation of metIC was not restored in either the ⌬codY or guaB down (p)ppGpp 0 strains (see Fig. S4 ), suggesting that regulation of metIC does not account for the relief of the methionine auxotrophy of (p)ppGpp 0 cells by these mutations. Failure to survive nutrient downshift contributes to an apparent complex auxotrophy in (p)ppGpp 0 cells. We have identified strong requirements for five amino acids in (p)ppGpp 0 cells and revealed that most of the genes specifically responsible for their synthesis are strongly misregulated in (p)ppGpp 0 cells by elevated GTP levels via a combination of CodY-dependent and CodY-independent effects. We also identified three additional amino acids that are modestly required in (p)ppGpp 0 cells. In theory, if the failure of (p)ppGpp 0 cells to grow on minimal medium stemmed from their inability to produce the eight required amino acids, then supplementing these amino acids in the medium should restore colony formation. To test this prediction, we performed the standard plating assays in which cells were grown in liquid medium supplemented with Casamino Acids and then plated on medium supplemented with all 8 amino acids required by (p)ppGpp 0 cells: valine, leucine, isoleucine, methionine, threonine, arginine, histidine, and tryptophan (Fig. 6A) . However, we found that, similar to results observed for E. coli ppGpp 0 cells (2), the (p)ppGpp 0 strain of B. subtilis cannot efficiently form colonies on plates supplemented with all auxotrophic requirements (Fig. 6B ). This suggests that either (p)ppGpp 0 cells have additional auxotrophic requirements or, alternatively, another factor in combination with repression of amino acid biosynthesis genes prevents colony formation of (p)ppGpp 0 cells. We reasoned that the apparent inability of (p)ppGpp 0 cells to form colonies on medium supplemented with the 8 auxotrophic requirements may stem from failure to withstand a nutrient shift from amino acid-replete liquid medium to only 8 amino acids on solid medium. We have previously observed rapid death of (p)ppGpp 0 cells upon RHX treatment (12), and we reasoned that death could occur in (p)ppGpp 0 cells during nutrient downshift in our plating assay. A prediction from this hypothesis is that when not subjected to nutritional downshift, (p)ppGpp 0 cells should form colonies efficiently on medium supplemented with the 8 required amino acids. We tested this prediction by taking colonies on plates with 8 amino acids that survived the initial downshift (from step 1, Fig. 6A ), suspending them in Spizizen buffer, and comparatively plating them on media with 20 amino acids, 8 amino acids, and no amino acids (step 2, Fig. 6C ). We verified that the majority of colonies we picked do in fact form colonies efficiently on plates with 8 amino acids but do not form colonies on minimal medium, indicating that they are not suppressor mutants (Fig. 6D) . These data confirmed that (p)ppGpp 0 cells are indeed only auxotrophic for 8 amino acids, supporting our hypothesis that the inability to withstand nutrient downshift is what prevents efficient colony formation of (p)ppGpp 0 cells on medium containing exclusively the auxotrophic requirements.
DISCUSSION
In this study, we document that the inability to produce (p)ppGpp in B. subtilis results in high GTP levels and consequent strong requirements for BCAA, methionine, and threonine and moder- (A) Schematic of the amino acid biosynthesis pathways that lead to the production of those amino acids that are strongly required by (p)ppGpp 0 cells: threonine, methionine, isoleucine, valine, and leucine. Proteins involved in the biosynthesis of these amino acids whose genes localized together in clustering analysis of transcriptional profiles, separately from the ilvB, ilvD, and ybgE operons, are highlighted in red. (B) A cluster of genes obtained from Fig. 2D (red) , where the ilvA, ywaA, hom-thrCB, and metE operons are located. Transcript levels (log 2 ) are indicated by color such that high levels are yellow and low levels are blue. (C to F) Transcript levels of ilvA (C), ywaA (D), hom (E), or metE (F) both before and after RHX or Guo treatment in wild-type, (p)ppGpp 0 , ⌬codY (p)ppGpp 0 , and guaB down (p)ppGpp 0 cells. Similar results were obtained for the other genes in the hom operon: thrC and thrB. ate requirements for arginine, histidine, and tryptophan. The BCAA auxotrophy is due primarily to direct repression of transcription of the BCAA biosynthesis genes ilvBHC-leuABCD and ilvD by GTP-mediated activation of CodY. The threonine auxotrophy is likely due to a combined direct effect of elevated GTP levels and GTP-mediated activation of CodY on transcription of the hom-thrCB operon. The methionine auxotrophy is likely due to both the effects on transcription of hom and also GTP-mediated downregulation of transcription of metE, potentially via initiating nucleotide concentrations. Reducing GTP levels allows cells to adapt to amino acid limitation both by activating transcription of biosynthesis genes and by protecting (p)ppGpp 0 cells against death during nutrient shifts that prevent efficient colony formation on plates supplemented with the auxotrophic requirements. We conclude that (p)ppGpp regulates GTP levels to allow resistance to amino acid limitation by two distinct physiological roles: first by preventing cell death during nutrient downshift and then by transcriptionally enabling amino acid biosynthesis (Fig. 7) .
Overlapping and differential transcriptional regulation of amino acid biosynthesis genes by CodY and GTP levels accounts for strong auxotrophies of (p)ppGpp 0 cells. The strong requirements for BCAA, threonine, and methionine in (p)ppGpp 0 cells can be explained by the effect of GTP levels on transcription of amino acid biosynthesis genes, via both GTP-dependent activation of the transcriptional regulator CodY and a CodY-independent effect. CodY-dependent repression of ybgE, ilvBHCleuABCD, ilvD, ilvA, ywaA, and hom-thrCB was previously characterized (14) (15) (16) . CodY-independent regulation was previously characterized for ilvB and ywaA; transcription of these genes initiates with ATP, and their transcription increases in wild-type cells during amino acid starvation in response to elevated ATP levels (17, 18) . Beyond ilvB and ywaA, we identified additional targets that are similarly regulated by nucleotide levels in a CodYindependent manner, including the BCAA biosynthesis genes ilvA and ilvD and the threonine and methionine biosynthesis genes hom-thrCB and metE, as evidenced by their strong downregulation (Ͼ4-fold) in (p)ppGpp 0 ⌬codY cells upon guanosine addition. Based on the locations of the conserved Ϫ10 and Ϫ35 regions of the hom-thrCB promoter, we predict that the transcription start site (TSS) of this operon is likely to be an A (42) . The TSS of metE could not be predicted. It is possible that these genes are activated by increased ATP levels similarly to ilvB and ywaA (17, 18, 41) . Additionally, they may also be regulated by GTP levels via an indirect and negative mechanism; i.e., decreased GTP levels reduce transcription of genes initiating with GTP, such as rrn operons (40), that engage the majority of cellular RNAP, thus increasing the availability of free RNAP for transcription of all other genes not initiating with GTP via passive redistribution.
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Step 2. A similar situation takes place in E. coli, in which ppGpp accumulation not only directly activates transcription of amino acid biosynthesis genes (5) but also indirectly activates their transcription by inhibiting rRNA transcription, leading to passive redistribution of RNA polymerase to amino acid promoters (6) . The difference is that in B. subtilis, (p)ppGpp does not directly regulate transcription by binding to RNAP but indirectly regulates transcription by modulating GTP levels. Future in vitro and in vivo mechanistic analyses are required to test these models.
Our results provide a rough estimation of the relative contributions of these gene regulatory mechanisms to the amino acid auxotrophies of (p)ppGpp 0 cells (Fig. 7) . We find that hyperrepression of the ilvB operon by CodY is responsible for the leucine requirement [ Fig. 4B , ilvB up (p)ppGpp 0 cells] and that CodY-mediated repression of the ilvB, ybgE, and ilvD operons is collectively responsible for the isoleucine and valine requirements [ Fig. 4B , BCAA up (p)ppGpp 0 cells], while regulation of hom-thrCB, ilvA, and ywaA expression likely plays an additional role in the isoleucine requirement. The threonine and methionine requirements are likely due to effects of GTP and ATP levels on transcription of hom-thrCB and metE. However, demonstrating their contribution to threonine and methionine auxotrophies would require characterizing and manipulating their promoters, particularly their transcription start sites.
A note of caution is that the regulation of the genes characterized here is within the context of (p)ppGpp 0 cells, whose GTP and ATP levels (especially upon guanosine addition) may lie beyond the range of concentrations typically found in wild-type cells. Due to the different physiological ranges of nucleotide levels in the microarray samples compared to findings for cells in the auxotrophy experiments, these two concepts are not necessarily equivalent, i.e., a larger variation in the microarrays may not necessarily mean a bigger physiological contribution to the auxotrophy on plates. For example, the metIC operon is affected by changes in GTP levels in a CodY-independent manner during RHX and decoyinine treatments (41) , and indeed we verified that metIC is induced upon RHX treatment (see Fig. S4 in the supplemental material). However, in ⌬codY (p)ppGpp 0 cells, addition of guanosine did not result in strong downregulation of this operon. This suggests that metIC may be responsive to low GTP levels (during RHX or decoyinine treatment) but not responsive to high GTP levels (during guanosine treatment). These data suggest growth on minimal medium by decreasing GTP levels. Decreased GTP levels allow increased transcription of various amino acid biosynthesis genes, through both CodY-dependent and CodY-independent mechanisms. Specifically, transcription of ybgE is controlled by CodY, transcription of the ilvB and ilvD operons is controlled primarily by CodY but is also affected by GTP levels, and transcription of ywaA and ilvA is likely directly regulated by CodY but also controlled by GTP levels. In the absence of (p)ppGpp-mediated regulation of GTP levels, hyperactivity of CodY is primarily responsible for causing the auxotrophies for valine, leucine, and isoleucine. Transcription of the hom-thrCB operon is likely directly regulated by CodY but is also strongly affected by GTP levels. Transcription of metE is also strongly affected by GTP levels. Thus, the inability of (p)ppGpp 0 cells to properly regulate GTP levels and thus transcription of these operons likely leads to the auxotrophies for threonine and methionine. Additionally, even when all of the amino acid requirements of (p)ppGpp 0 cells are met, these cells still cannot form colonies following a downshift in amino acid availability. Hence, (p)ppGpp-mediated regulation of GTP levels also allows cells to survive nutrient downshifts. This complex regulatory cascade, initiated by the inhibition of GTP biosynthesis by (p)ppGpp, allows cells to rapidly respond to changing nutrient conditions and sustain growth afterwards.
that different operons may be tunable within different dynamic ranges of nucleotide levels. In wild-type cells, the expression of different amino acid biosynthesis genes is modulated in a complex fashion by the continuum of physiological activities of CodY, GTP, and ATP.
Moderate arginine, histidine, and tryptophan auxotrophies. (p)ppGpp 0 cells exhibit moderate requirements for arginine, histidine, and tryptophan. Both the arginine biosynthesis genes argG and argJ have recently been revealed as targets of CodY in vivo (S. R. Brinsmade and A. L. Sonenshein, unpublished), and the argC operon containing argJ has also been identified as a direct target of CodY in vitro (16) . We observed moderate but significant upregulation of argJ in wild-type cells upon amino acid starvation (ϳ6-fold) that depends on (p)ppGpp (see Fig. S5 in the supplemental material). We also observed a mild derepression of argJ upon deletion of codY in (p)ppGpp 0 cells in our microarray analysis. The CodY-dependent expression changes in argJ and argG observed here (when glutamate is provided as a nitrogen source) are not as strong as results with ammonium as the nitrogen source (SRB and ALS, unpublished), likely because the argJ and argG operons are strongly repressed by CodY only when glutamate, a precursor of arginine biosynthesis, is not available. Nonetheless, the observation of a CodY-dependent change in argJ transcription, combined with the fact that deletion of CodY rescues the arginine auxotrophy, suggests that CodY-mediated repression of arginine biosynthesis genes causes the partial arginine requirement of (p)ppGpp 0 cells. In contrast to the arginine auxotrophy, the moderate auxotrophic requirements for histidine and tryptophan are not completely rescued by codY deletion and are unlikely to be caused by altered transcription of their biosynthesis genes. Interestingly, the synthesis of these amino acids relies heavily on the precursor of purine biosynthesis, phosphoribosyl pyrophosphate (PRPP). Perhaps PRPP is exhausted in (p)ppGpp 0 cells due to overproduction of GTP, and thus histidine and tryptophan production is compromised, whereas inhibition of de novo GTP biosynthesis by (p)ppGpp could free up PRPP for synthesis of these amino acids. Alternatively, these apparent amino acid requirements may stem from the effects of nutrient downshift and not actually constitute bona fide amino acid auxotrophies.
Amino acid biosynthesis versus adjusting to nutrient downshift: dual protection by (p)ppGpp. Our results suggest that the inability of (p)ppGpp 0 cells to form colonies does not stem solely from the inability to properly upregulate transcription of amino acid biosynthesis genes. (p)ppGpp accumulation not only affects the transcription of BCAA, threonine, and methionine biosynthesis genes but also protects cells from death during nutrient downshift ( Fig. 6 and 7) . This explains why supplementing all of the amino acid requirements of (p)ppGpp 0 cells does not completely allow colony formation: it relieves the auxotrophic requirements but does not protect cells from nutrient downshift from growth in 20 amino acids to that in merely 8 amino acids (Fig. 6B) . When not subjected to nutrient downshift, (p)ppGpp 0 cells are capable of forming colonies on medium supplemented with the required amino acids (Fig. 6D) . Since nutrient downshift is often an intermediate step in auxotrophic analysis, (p)ppGpp allows cells to form colonies on amino acid-limiting medium by acting on two distinct successive processes: surviving nutrient downshift and allowing prototrophy. The failure to survive nutrient downshift when GTP levels are dysregulated in the absence of (p)ppGpp could be due to transcriptional misregulation of genes other than the amino acid biosynthesis genes, e.g., failure to downregulate rRNA and ribosomal protein synthesis at high GTP levels (40) , or due to GTP-related metabolic dysregulation via an unknown cause, e.g., posttranscriptional or allosteric regulations.
Similarly to what we found in B. subtilis, failure to survive nutrient downshift could also account for the observed inconsistency of polyauxotrophy in E. coli (p)ppGpp 0 cells (2) . Additionally, in E. coli the DksA transcription factor also performs dual functions during amino acid starvation: upregulating transcription of amino acid biosynthesis genes (5) and protecting cells from transcription-replication conflict (43) . It will be interesting to examine whether components of the stringent response also protect E. coli and other bacteria by the sequential effect of ensuring survival during the change of conditions and then engaging the cell's biosynthetic machinery to adapt to the new situation.
